Abstract
Unexpectedly, the two identical rRNA gene regions (13,893 bp) are arranged into DR, 23 and a ca. 50-kb trnN-trnF inversion spanning one DR copy exists in S. vardei, comparing 24 to the typical IR organization of Isoetes flaccida (Isoetaceae, Lycophyta). We find 25 extremely rare short dispersed repeats (SDRs) in plastome of S. vardei and is confirmed 26 in its closely related species S. indica. The occurrence time of DR in Selaginellaceae is 27 estimated at late Triassic (ca. 215 Ma) based on the phylogenetic framework of land 28 plants. 29 
Conclusions:
We propose that the unconventional DR structure, co-occurred with 30 extremely few SDRs, plays key role in maintaining the stability of plastome, and reflects 31 a relic of the environmental upheaval during extinction event. We suggest that the ca. plastomes are characterized by a quadripartite structure, which comprises two copies 43 of an inverted repeat (IR) separating the large (LSC) and small (SSC) single copy regions. 44 The size of land plant plastomes usually ranges from 108 to 165 kb, and they generally gigantean (Cactaceae) [6] , Erodium (Geraniaceae) [7] , and an IR-lacking clade of 52 Fabaceae [8] , as well as conifers [9] , in which one IR has been either extremely 53 shortened or completely lost. 54 The conserved IR structure across land plants was hypothesized to function as 55 stabilizing the entire plastome against major sequence rearrangements [10]. JD Palmer 56 and WF Thompson [11] showed that rearrangement events were extremely rare in 57 genomes with an IR, but increased remarkably in frequency when one IR copy was 58 absent. Their hypothesis is supported by some recent studies using next generation 59 sequencing. For example, Trifolium [12] and Erodium texanum [13] 
Results
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The Unconventional Structure of the S. vardei Plastome
92
We sequenced the plastome of S. vardei ( Fig. 1; MG272482 Table S2 ) and newly designed internal primers 118 (Additional file 8, Table S3 ). We mapped the long PCR products to the assembled 119 plastome of S. vardei (Fig. 1) . All the intergenic regions were covered by Sanger 120 sequencing.
121
In addition, the PCR product of the twelve pairs of primers at the boundaries of DR 122 region and the ca. 50-kb inversion also supported the plastome structure of S. vardei 
The Evolution and Divergence Time of DR in Plastomes of Land Plants
188
Phylogenetic relationships based on 32 protein-coding genes of plastomes (Fig. 4)   189 showed that subg. Rupestrae containing S. vardei and S. indica was early diverging 190 compared to S. tamariscina, which was sister to the clade containing S. moellendorffii 191 and S. uncinata in Selaginellaceae (Fig. 4) (Fig. 4 a, b) and S. tamariscina. (Fig. 4 c) . (Fig. 3e, f) . There is no SDRs located at the ends of this ca. 50-kb Then, we designed the internal primers (Additional file 8, Table S3 ) to get sequences 343 of these PCR products using Sanger sequencing. The PCR products of the DR and 344 inversion confirmation were also sequenced by the company Majorbio, Beijing, China. 
Azolla filiculoides MF177094
Pinus thunbergii NC001631
Selaginella moellendorffii FJ755183
Huperzia serrata NC033874
Selaginella uncinata AB197035
Isoetes flaccida NC014675
Physcomitrella patens AP005672
Marchantia polymorpha NC001319
Huperzia javanica KY609860
Salvinia cucullata MF177095
Osmundastrum cinnamomeum NC024157
Amborella trichopoda NC005086
Huperzia lucidula AY660566
Selaginella tamariscina
Ophioglossum californicum NC020147
Anthoceros formosae AB086179
Selaginella indica
Selaginella vardei MG272482
Lepisorus clathratus NC035739 
